Mesoporous silica nanoparticles (MSNs) were explored as a carrier material for the stable isotope 165 Ho and, after neutron capture, its subsequent therapeutic radionuclide, 166 Ho (half-life, 26.8 h), for use in radionuclide therapy of ovarian cancer metastasis. Methods: 165 Ho-MSNs were prepared using 165 Ho-acetylacetonate and MCM-41 silica particles, and stability was determined after irradiation in a nuclear reactor (reactor power, 1 MW; thermal neutron flux of approximately 5.5 · 10 12 neutrons/cm 2 Ás). SPECT/ CT and tissue biodistribution studies were performed after intraperitoneal administration of 166 Ho-MSNs to SKOV-3 ovarian tumor-bearing mice. Radiotherapeutic efficacy was studied by using PET/CT with 18 F-FDG to determine tumor volume and by monitoring survival. Results: The holmium-MSNs were able to withstand long irradiation times in a nuclear reactor and did not release 166 Ho after significant dilution. SPECT/CT images and tissue distribution results revealed that 166 Ho-MSNs accumulated predominantly in tumors (32.8% 6 8.1% injected dose/g after 24 h; 81% 6 7.5% injected dose/g after 1 wk) after intraperitoneal administration. PET/CT images showed reduced 18 F-FDG uptake in tumors, which correlated with a marked increase in survival after treatment with approximately 4 MBq of 166 Ho-MSNs. Conclusion: The retention of holmium in nanoparticles during irradiation and in vivo after intraperitoneal administration as well as their efficacy in extending survival in tumor-bearing mice underscores their potential as a radiotherapeutic agent for ovarian cancer metastasis.
Rapi d developments in nanotechnology and nanomaterials have facilitated the creation of multifunctional nanoparticles with targeting, imaging, and therapeutic properties for more effective treatment of cancers, including use as carriers of particle-emitting radionuclides for internal radiation therapy. Internal radiation therapy with radionanomedicines provides an alternative treatment for metastatic abdominal cancers-epithelial ovarian carcinoma in particular, the leading cause of death from gynecologic malignancies in the developed world. The National Cancer Institute recently released a clinical announcement encouraging the combination of intravenous and intraperitoneal delivery of therapeutic agents for treatment of advanced ovarian cancer (1) . Intraperitoneal delivery of b 2 particle-emitting radionuclides has been shown to improve the clinical outcome for patients with peritoneal carcinomatosis (2) ; however, the toxicity and side effects due to damage to healthy tissues are serious concerns. Colloidal chromic 32 P-phosphate (Phosphocol P 32; Covidien), for example, has been administered intraperitoneally as a palliative treatment of peritoneal metastases in ovarian cancer patients. Accumulation of the radioactive colloidal particles in nontarget tissues due to the broad distribution of particle sizes led to several reported adverse events (3) .
An attractive method for producing radioactive particulates for radionuclide therapy is to incorporate stable isotopes within a carrier material and subsequently irradiate it in a neutron flux. This process allows for preparation of the stable isotope carrier without the constraints imposed by short isotope half-lives or the hazards of handling large amounts of radioactivity. For this neutron activation approach to be successful, the carrier material must be able to withstand the neutron irradiation environment, such as in a nuclear reactor, where a high g-flux can produce high localized heat. Various materials have been used as carriers of stable isotopes with subsequent neutron activation for production of radiotherapeutic particulates. One of the first was glass microspheres with an average diameter of approximately 20-30 mm and containing 89 Y for subsequent activation to 90 Y (4). The high density of these microparticles (3.2 g/cm 3 ), which on occasion resulted in particle settling after intracatheter administration, and the lack of photon emissions by 90 Y, which prevented quantitative imaging, led to the development of other neutron-activatable materials. Microparticles composed of lower-density polymers, including polylactic acid (5-7), alginate (8) , and chitosan (9) containing 166 Ho, as well as nanosized carrier materials containing stable 165 Ho for subsequent neutron activation to 166 Ho (10) (11) (12) , have also been reported. 166 Ho is an attractive radionuclide for radiotherapeutic applications. It emits highenergy b 2 -particles with a maximum energy of 1.84 MeV, and its half-life of 26.8 h is amenable for use in radionuclide therapy. In addition, 166 Ho emits 81-keV g-rays (6.6% photon yield), which allow its biodistribution to be quantified and imaged after administration. However, most of these polymeric carrier materials can withstand only short neutron irradiation times without degrading or aggregating.
Here we report on the incorporation of the lipophilic acetylacetonate complex of 165 Ho, 165 Ho(AcAc) 3 , in mesoporous silica nanoparticles (MSNs), and its subsequent irradiation in a neutron flux to produce particles containing 166 Ho through an (n,g) reaction. These 166 Ho-MSNs can deliver effective therapeutic doses for treating ovarian cancer metastases after intraperitoneal delivery. Mesoporous silicatype MCM-41, a nanometer-sized assembly of uniform channels stacked in a hexagonal array, has several properties that make it desirable as an efficient drug carrier (13) . These include a high surface area, tunable pore structures, and physicochemical stability. The silica nanostructure is capable of adsorbing small molecules such as ibuprofen, acetylsalicylic acid, and famotidine, as well as the anticancer drugs camptothecin and carboplatin (13) (14) (15) . The cytotoxicity and biocompatibility of mesoporous silica have previously been examined (16) (17) (18) . The toxicity of mesoporous silica toward cells appears to be related to the adsorptive surface area of the particles (16); however, mice administered 1 mg of mesoporous silica by intraperitoneal injection twice weekly for 2 mo exhibited no unusual responses or behaviors, such as lethargy, weight loss, or immobility, compared with intraperitoneal saline controls (18) . In this work, we demonstrated that 166 Ho produced by neutron irradiation of 165 Ho-MSNs was retained in MSNs even after long (#18 h) neutron irradiation times and was not released after dilution. The stability of these 166 Ho-MSNs indicated that the radionuclide would likely be retained within the mesoporous silica matrix after administration to the peritoneal cavity. This is a critical feature, as leakage of 166 Ho from the matrix could result in uptake of the radionuclide in nontarget tissues, for example, bone marrow, and lead to patient morbidity or mortality.
MATERIALS AND METHODS

Chemicals
Holmium (III) chloride (99.99%), 2,4-pentanedione ($99.9%), ammonium hydroxide, and mesoporous silica type MCM-41 were purchased from Sigma-Aldrich. All other chemicals were of analytic grade. Holmium acetylacetonate, 165 Ho(AcAc) 3 , was prepared as described previously and characterized by 1 H nuclear magnetic resonance, electrospray ionization mass spectrometry, and elemental analysis (12) .
Preparation of Holmium-MSNs
To prepare the 165 Ho-MSNs, 10 mg of mesoporous silica type MCM-41 were added to a 15-mL solution containing a 0.5 mg/mL solution of 165 Ho(AcAc) 3 in water. The suspension was stirred vigorously for 24 h at room temperature and centrifuged at 1,300g for 20 min. The resulting pellet was washed twice with water and dried in vacuo for 24 h. Inductively coupled plasmamass spectrometry was used to measure 165 Ho content. Transmission electron microscopy was performed to determine the size of the nanoparticles; their z-potential in water was measured using a Zetasizer Nano ZS (Malvern).
Neutron Activation
Dry 165 Ho-MSNs (5-15 mg) were irradiated in the pulsed training assembled reactor (PULSTAR) at North Carolina State University (reactor power, 1 MW; thermal neutron flux of approximately 5.5 · 10 12 neutrons/cm 2 Ás) for 1-4 or 18 h to produce 166 Ho-MSNs. 166 Ho content was determined by quantifying the 81-keV photons emitted by 166 Ho using a g-spectrometer that had been calibrated using a National Institute of Standards and Technology-traceable point source. The fast neutron flux was approximately 8.5 · 10 11 neutrons/cm 2 Ás.
Stability and Dilution Studies
To determine the percentage of 166 Ho retained by the 166 Ho-MSNs after irradiation and the percentage that remained incorporated after dilution, suspensions containing 4 mg of 166 Ho-MSNs per milliliter in phosphate-buffered saline (PBS; pH 7.4) were diluted with PBS and then passed through 3-kDa molecular weight cutoff filters immediately or after a 24-h incubation at 37°C. The 166 Ho radioactivity in the filtrate was determined using a 2470 Wizard g-counter (PerkinElmer) and compared with the original activity in the 166 Ho-MSNs.
Animal Studies
The use of live animals was approved by the University of North Carolina at Chapel Hill Institutional Animal Care and Use Committee, in accordance with the Public Health Service policy on Humane Care and Use of Laboratory Animals, the Amended Animal Welfare Act of 1985, and the regulations of the United States Department of Agriculture.
In Vivo SPECT/CT and Biodistribution Studies
To determine retention of the particles in the peritoneal cavity after intraperitoneal administration, an ovarian tumor mouse model was used in which athymic (nu/nu) mice were injected intraperitoneally with approximately 7 · 10 6 SKOV-3 human ovarian tumor cells. The 166 Ho-MSNs were administered intraperitoneally 2 mo later, after the tumors could be visualized by MRI. Small-animal SPECT/CT was performed 1 and 24 h after intraperitoneal injection of 300 mL of 166 Ho-MSNs (;24 MBq) suspended in 1% carboxymethylcellulose in PBS. Images were acquired using an eXplore speCZT system (GE Healthcare) with a mouse multislit collimator and reconstructed using a 70-to 90-keV energy window to detect the 81-keV photons emitted from 166 Ho (12) . The distribution of 166 Ho in various organs in SKOV-3 ovarian tumor-bearing mice at 1 h, 24 h, and 1 wk after intraperitoneal injection of 166 Ho-MSNs was then determined. The mass of each organ was measured, and the 166 Ho content was quantified using a 2470 Wizard g-counter. Autoradiography was conducted on tumor sections to further investigate the spatial distribution of 166 Ho particles within the tumors. Tumor tissues removed from mice 24 h after intraperitoneal injection of the 166 Ho-MSNs were cryosectioned at a thickness of 14 mm using a Leica 1850 system. Tumor sections were exposed to a storage phosphor screen (GE Healthcare), and then the phosphor screen was scanned using a digital phosphor imager (Cyclone Plus; PerkinElmer).
Efficacy Study
Tumor growth was monitored in vivo over time using PET/CT after administration of 18 F-FDG. Ovarian tumor-bearing mice were administered 2 mg of nonirradiated 165 Ho-MSNs or 166 Ho-MSNs (;4 MBq) in 200 mL of 1% carboxymethylcellulose in PBS via intraperitoneal injection (n 5 5). 18 F-FDG PET/CT was performed before (day 0) and at 6, 13, and 20 d after injection of the therapeutic or control particles. Images were acquired using a smallanimal PET/CT system (eXplore Vista/CT model; GE Healthcare). Food was withdrawn at least 2 h before 18 F-FDG was dosed; each mouse was anesthetized with isoflurane (1.5%) mixed with oxygen. The mice were administered 7.4 MBq of 18 F-FDG via the tail vein and were kept warm on a heating pad before being moved to the PET/CT scanner. CT was performed initially to obtain an anatomic reference and for signal attenuation correction. A static PET image acquisition was started 30 min after 18 F-FDG injection and continued for 10 min. Images were reconstructed using 2-dimensional ordered-subsets expectation maximization with scatter correction, random correction, and attenuation correction. A standardized uptake value was calculated on the basis of the calibrated counts, the injected dose, and the animal body weight. Images were analyzed using the region-of-interest-based method. For each animal, tumor regions were manually labeled at similar anatomic positions at each time point. The maximum standardized uptake value in the region of interest at various time points relative to that at day zero was calculated as the percentage 18 F-FDG uptake.
Survival Study
Twenty days after intraperitoneal implantation of 15 · 10 6 SKOV-3 human ovarian tumor cells, the tumor-bearing mice were injected intraperitoneally with a single dose of 166 Ho-MSNs (0.33 mg; ;4 MBq), an equivalent amount of 166 Ho(AcAc) 3 , or 0.33 mg of stable 165 Ho-MSNs in 400 mL of 1% carboxymethylcellulose in PBS (n 5 12 per treatment group). An additional 14 mice that received no treatment served as a control group. The mice were euthanized if weight loss was greater than 10% over a 3-d period; if weight loss was greater than 20% over the course of the study, or if tumor growth interfered with mobility, such as in mice with obvious ascites. One-sided Fisher exact tests were used to compare the fraction of mice that had survived for 73 d after implantation among the 4 treatment groups.
RESULTS
165 Ho-MSNs were prepared by the addition of mesoporous silica type MCM-41 to a concentrated solution of 165 Ho (AcAc) 3 in water followed by vigorous stirring for 24 h at room temperature. This approach is common for incorporating small molecules into MSNs (13) (14) (15) . On the basis of TEM images, these nanoparticles were estimated to be approximately 80-100 nm in diameter, and they had a z-potential in water of 249.2 6 6.0 mV. Dry 165 Ho-MSNs were then irradiated in the PULSTAR nuclear reactor for 1-18 h to produce 166 Ho-MSNs. The amount of holmium that had been adsorbed by mesoporous silica, determined by quantifying the 81-keV photons emitted by 166 Ho, was 17.8% 6 1.4% of the weight of the holmium-MSNs. This result was corroborated by inductively coupled plasma mass spectrometry detecting for 165 Ho. Because of the high 166 Ho content in the nanoparticles, significant levels of radioactivity were obtained after neutron irradiation. For example, irradiation of 10.7 mg of the particles in a thermal neutron flux of approximately 5.5 · 10 12 neutrons/cm 2 Ás for 2.2 h yielded 129.5 MBq of 166 Ho. The dilution studies showed that after 1 or 18 h of irradiation, approximately 100% of the holmium was retained by the 166 Ho-MSNs and that there was essentially no release of radioactivity from these particles after incubation at 37°C for 24 h or after 10-and 100-fold dilutions in PBS followed by incubation at 37°C for 24 h.
Small-animal SPECT/CT images of SKOV-3 ovarian tumor-bearing mice 1 and 24 h after intraperitoneal injection of the 166 Ho-MSNs showed that the particles accumulated predominantly in tumors (Fig. 1A) , which were clearly visible in the animal after sacrifice (Fig. 1B) . A large dose (;24 MBq) was required for high-resolution SPECT because of the low photon yield of 166 Ho. The distribution of 166 Ho in SKOV-3 ovarian tumor-bearing mice at selected time points after intraperitoneal injection of 166 Ho-MSNs was then determined. The percentage injected dose of 166 Ho per gram in various organs 1 h, 24 h, and 1 wk after administration is shown in Figure 2A . After 24 h, 32.8% 6 8.1% injected dose/g of the 166 Ho-MSNs had accumulated in tumors. Tumor accumulation in mice treated with 166 Ho-MSNs increased to 81% 6 7.5% injected dose/g after 1 wk, which was more than 12 times that in any other organ (i.e., liver, spleen). To further investigate the spatial distribution of 166 Ho particles within the tumors, autoradiography images of tumor sections were superimposed on photographs of the same tumor slices obtained from mice 24 h after intraperitoneal administration of the 166 Ho-MSNs (Fig. 2B) . Most tumor slices revealed the presence of radioactivity on their surfaces, but some had radioactivity distributed throughout the entire tumor.
The tumor uptake and biodistribution studies were followed by a pilot efficacy study in which tumor growth was monitored by measuring energy consumption using the radiofluorinated glucose analog 18 F-FDG and PET/CT after the administration of 166 Ho-MSNs or nonirradiated 165 Ho-MSNs to ovarian tumor-bearing mice. Uptake of 18 F-FDG has been shown to be useful for determining the volume of highly metabolically active tumors (19) . The standardized uptake value associated with 18 F-FDG measured in tumors of mice treated with 166 HoMSNs decreased over time, whereas no change was observed in mice administered the control, nonirradiated 165 Ho-MSNs (Fig. 3) . Over the 20-d observation period, the active tumor volume of the mice administered 166 Ho-MSNs was significantly reduced (P , 0.05), whereas the nonirradiated control particles failed to reduce the volume of any tumors.
A survival study was subsequently performed to confirm the results of the pilot efficacy study. The survival of animals that were administered 166 Ho-MSNs was compared with the survival of mice that had been administered 166 Ho(AcAc) 3 or the nonradioactive particles ( 165 Ho-MSNs) 20 d after tumor implantation, as well as with mice that had received no treatment. All mice that had not died or been euthanized were considered to have their survival times right-censored at day 73. The number of surviving animals was greatest in the group that was treated with 166 Ho-MSNs (91.7%), followed by animals treated with 166 Ho(AcAc) 3 (66.7%). The number of surviving animals after treatment with stable 165 Ho-MSNs was similar to that of the no-treatment group (33.3% and 35.7%, respectively, Fig. 4 ). One-sided Fisher exact tests showed that the survival fraction of mice in the 166 Ho-MSN group was significantly higher than that in either the 165 Ho-MSN or the no-treatment group (P 5 0.005). The number of mice surviving to day 73 was not significantly greater among those treated with 166 Ho(AcAc) 3 than among those treated with 165 Ho-MSNs (P 5 0.110) or receiving no treatment (P 5 0.119). However, the greater fractional survival of the mice treated with 166 Ho-MSNs than of mice treated with 166 Ho(AcAc) 3 did not achieve significance (P 5 0.158). These results, coupled with the long survival times observed for untreated mice in this tumor model, indicate that larger group sizes are required to establish statistically significant differences among all groups.
DISCUSSION
Although radionuclides have been used therapeutically for several decades, the chief concern has been their accumulation in nontarget tissues. This problem can be controlled to some degree by administering the therapeutic radionuclides in micro-and nanoparticulate carriers. Incorporating hazardous radionuclides in these carriers can be challenging; the process may not be amenable to handling large amounts of radioactivity and may be constrained by decay of the radionuclide, particularly those with relatively short halflives. Neutron activation of particulates containing stable isotopes as a means of producing carriers of radioactive isotopes can overcome these limitations but produces new challenges as well. Most of these challenges-for example, stability during neutron irradiation and retention of the radionuclide in the carrier after administration-relate to the material aspects of the carriers.
The work described here focused on the use of a nanocarrier material, mesoporous silica type MCM-41, that possesses many desirable properties as a carrier for therapeutic radionuclides produced by neutron activation. MCM-41 has a large surface area (;1,000 m 2 /g), which is ideal for adsorption of small molecules (13) such as 165 Ho(AcAc) 3 , and, as shown here, can withstand long irradiation times in a nuclear reactor. These studies demonstrated the flexibility in producing 166 Ho-MSNs with different amounts of radioactivity by varying neutron irradiation times. High-activity particles were produced in which the cumbersome process of handling large amounts of a hazardous radionuclide was avoided during the manufacture of radiotherapeutic particles. The use of long irradiation times in reactors with higher neutron flux densities enables the production of particles with higher specific activity. When this technology is translated to humans, it is expected that a therapeutic amount of radioactivity will be delivered with a relatively small mass of particles, comparable to 90 Y glass microspheres, up to 120 mg of which may be used in the treatment of hepatocellular carcinoma (20) . Furthermore, 166 Ho-MSNs were stable on dilution, eliminating concerns about the effect of dilution in the peritoneal cavity on the stability of 166 Ho retention by MSNs after intraperitoneal injection.
SPECT/CT images and tissue distribution results revealed that 166 Ho-MSNs accumulated predominantly in tumors after intraperitoneal administration. Tumor accumulation of 166 HoMSNs after 24 h was more than twice that of 166 Ho(AcAc) 3 . Interestingly, there were no tumor-targeting ligands attached to the surface of the 166 Ho-MSNs; even so, the tumor accumulation was exceptionally high and increased with time. The results indicate that 166 Ho-MSNs particles may have a strong affinity for the tumor surface or may be taken up by tumor cells. The mechanism by which these particles are taken up by tumors is under further investigation.
From the 18 F-FDG/PET study, it is clear that treatment with 166 Ho-MSNs caused rapid reduction in tumor volume, followed by stabilization. This pattern correlated with a marked increase in survival after treatment with approximately 4 MBq of 166 Ho-MSNs, compared with groups receiving 165 Ho-MSNs or no treatment. It was anticipated that survival of tumor-bearing animals receiving 166 Ho (AcAc) 3 would be greater than that of animals receiving no treatment or treatment with nonradioactive MSNs but would be less than that of animals receiving radioactive MSNs. Figure 4 supports this trend, although the differences in the numbers of surviving animals in each of these treatment groups were not statistically significant. However, the high survival (91.7%) 73 d after tumor implantation demonstrated a beneficial effect of the 166 Ho-MSNs particles and suggested that efficacy would be further improved if a multiple-dose regimen of 166 Ho-MSNs were used.
The absorbed radiation dose from 166 Ho was estimated on the basis of the average uptake of radioactivity in each tumor, assuming that activity accumulated mainly in the tumor center. With an intraperitoneal injection of about 4 MBq of 166 Ho-MSNs, the average uptake of activity in each tumor (mean diameter, 4 mm) was approximately 0.3 MBq at 24 h after injection, based on the biodistribution results. It has been reported that for 166 Ho, 90% of the radiation dose is delivered to tissue within 2.1 mm of the source (21, 22) . Assuming 166 Ho-MSNs were distributed in the tumor center, most of the energy from 166 Ho (average, 689 keV; maximum, 1.84 MeV) could be deposited within a 4-mm tumor. The total absorbed radiation dose in each tumor can thus be calculated by the total energy deposition divided by tumor mass, resulting in an average of 134.7 Gy in a 4-mm-diameter tumor, which is sufficient for a tumor killing effect. The assumption of central distribution of 166 Ho within tumor tissue overestimates the actual radiation dose in cases with activity spreading throughout the tumor or at the tumor edge. Nevertheless, an approximate estimation was provided of the maximum radiation dose from a small number of 166 Ho particles. More accurate dosimetry analysis is being conducted using Monte Carlo simulations based on actual activity distributions from autoradiography or SPECT images. 165 Ho-MSNs, 166 Ho-MSNs, 166 Ho (AcAc) 3 , or no treatment. All administrations were 20 d after intraperitoneal implantation of 15 · 10 6 SKOV-3 human ovarian tumor cells. 
